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ELASTIC SCATTERING OF DEUTEMONS FROM O16 


by 


David Warren Berger 
and 


Ollie Joseph Loper 


Submitted to the Department of Physies on May 21, 1956 in partial 
fulfillment of the requirements for the degree of Master of Science. 


ABSTRACT 


Tre differential cross section for the elastic scattering of 
deuterons from 016 was measured in the deuteron energy range 4.590 
to 7.196 Mev at 130 degrees and from 5.49 to 6,315 Mev at 90 de-~ 


grees. 


The ae eee section was determined by comparison with 
the known 016(p,p)016 cross section. 


The error of the cross section was computed to be + 5 per- 
gent (standard deviation) at 130 degrees and + 10 percent (standard 
deviation) at the 90-degree angle. 

As would be expected at this bombarding energy, it has been 
clearly shown that the cress sections do not follow the Rutherford 
scattering law but do show marked overlapping resonance structure, 


The data were obtained using the MIT-ONR electrostatic gene- 
rator and the broad-range magnetic spectrograph, 


A scintillation counter constructed by the authors was used 
to record the scattered deuterons, 


The response characteristics of a CsI(Tl) erystal were 
measured for alpha particles, protons, and deuterons, 


A comparison with the 016(d,a)NU4 yield is made, 
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Title: Research Associate in Physics 
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I, INTRODUCTION 

The ecmpound muclens, 718, has been inveatigated previously by 
several reactions involving deuterons incident on 0} The highest 
exoitation reuched in recent work 1s 10,9 Nev by Tbratteon et al (Li) 
who obtained the absolute cross sections an? excitation functions for 
loa, p)o2? ani o(a,p)ol?*, These same reactions have also been 
Observed by Neyderburg and Inglis (101) up to an excitation of 10.k 
Mev, ‘The yield of P27 from the reaction 0! (4,n)rl7 nas been obtained 
by Newson (12) and Bonner (B5) up to an excitation of 11.9 hey, New 
gon concluded that the coulomb barrier height for 016 + d was 3.2 Kev, 

Previous reliable level assignments are riven to 10, .-Mev 
excitation in T* (21), 

Browne (33)(5,) has examined the reaetion o6(a,a) th and also 
026(a,c)184" from an excitation of lis 40 lie? Mev, obtaining the 
yield of alpha -articles from the g@uunu stato, first expited state, 
and second excited state of lt where the reaction leading to the 
first excited state in RY ais forbidden on the basis of isobaric 
splieselection ruice, since thie level in W4 pas T= 1 (Al, ps 125). 
Tais reaction leads to the icrmation of the same compound nucleus 
as the reaction ota aol, 

The reaeticns of Sta,a)ath gehe, o8(a,a)ot®, and wh ee yntt 
involve only particles cf sero intrinsic isobaric spin, and hence 
will excite only those levels in F2° thet nave iscberie spin (T = 0} 


and not levels with T= 1, provided that the isobaric spineselection 
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rules hold, Isobaric spin selection, therelure, provides @ means 
of selectively exciting levels when it is valid. 

The (dja) data (34), Fisure 5, do not show discrete level 
structure but acnerently show dense overlapping levels in tiis re- 
gion ef exeitation, it is the purpoee of the present experiment 
to use the elastic scattering of deuterons from ot $ to investigate 
the level structure of phd in the region of excitation covered by 
Browne end then to continue the investication down to @ lower ex- 
citation through the transition region where dense overlapping level 
structure is resolved into well-defined isolated levels where it is 
possible tc determine level spacing, width, and excitation, 

It is hoped tc determine any correlation between the reson- 
ances of tne (d,a) data and the (d,d) data, 
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YI, EXPENREMONTAL FRTEOD 


EQUIPMENT AND PROCEDUGE 

The data were chtained using the MIT-CNN Van ce Graaff cene- 
rator, The cenerator is a vertical machine that overates in the 
voltage range of about l to 8 Mev, The beam is deflected to the 
horigontal plane by a deflecting magnet of radius 60.51 om, The 
beam is defined at the entrance and exit of the deflectin: magnet 
by paire of slits of 1 mm and 4 mm aperture, reapectively, These 
apertures, for constant magnetic field in the deflecting magnet, 
limit the incident beam energy spread to + 0.10 percent. The exit 
slits are insulated and connected to a voltage stabilizing device 
that controls a corona discharge to the generator terminal, 

A homogeneous beam of deuterons was scattered from a thin 
402 (on Formvar) target, and the elastic deuterons from 0!° were 
counted by a scintillation ccunter mounted at a fixed radius 
(51.36 am) in the bread-range magnetic svectrograch (81). The 
begietles svectrograph slit system determines the solid angle of 
observation, which is 3.6 x i074 steradians + 10 percent for a 
radius of 51.36 em, The solid ongle is cenctant in the laboratory 
system for all spectrograph angles, provided that the illuminated 
target spot is less than 2 ma in greatest dimension, The total beam 
current incident on the target is measured by an electronic current 


Aintegrator (£2) connected to a Faraday cage in the scattering chan- 


ber. 
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The energy of the ceuteron beam is varied by adjustment of 
the magnetic field of the deflecting magnet, whieh, by means of the 
voltage stabilizing device, changes the cenerator voltage to main- 
tein the new energy beam on the target. The incident energy was 
varied in approximately 20-kev steps (25 kes on the miclear mag- 
netic resonance fluwaeter), 

The windings in the deflecting magnet and speetrogranh are 
supplied by a stabilized three-phase rectifier cireuit that helda 
the field constant to 1 part in 100,000 (B2), The resultant fields 
are moasured by nuclear magnetic resonsnce flumeters, 

With the spectrograph at a fixed angle in the laboratory 
system, the magnetic field was adjusted to keep the 015 elastic 
deuteron group centered on the scintillation crystal for each input 
energy. 

Raw data of "maumber of elastic deuterons incident on the 
crystal per “gq microcoulombs of incident deutcron beam on target" 
were obtained versus Bp (input) for the range 437.9h to 548.56 
kilogauss-centimeters, Qq wae chosen such that the yield obtained 
hed a standard deviation less then 5 percent, asswning a Poisson 
distribution, To reduce the yield data to an absolute cross sec- 
tion, the yield of elastic deuterons was measured relative to the 
yield of elastic protons for two points on the 130«dercree curve. 
The absolute cross section for o (oun yor® is known from the work 
of Eppling (Zl). The comparison of relative yields was made, using 
nuclear track plates in place of the scintillation counter in the 


magnetic spectrogranh, 
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Critieal points on the yield curve ami the ratic of yields 
between 90- and 130-derree curves were also chesked usin: muclear 
traek plates, Nine overlapping rune were made using several 1)- 
and 2lekev thick targets at 130 degrees, Another run at GO degrees, 
laboratory angle, was made, and the results plotted to the same 
relative seale for direct comparison of yields and resonances, 

Fisure 3 displays the data as centcr-of-mass crogs section 
vermus Bo with all cata points shown, Figure l displays the aver- 
age 130-decree cross section and 30-degree erces section in labora- 
tory coordinates with Rutherford cross sections shown Tor conpari- 


son, 


TANGSTS 

The targets were 5105 on formvar, Following a procedure suy- 
gested by Dr, C, K. Bockelman of Yale, 5105 in tho form of quartz 
eryetals was placed in a tantalum receptacle between electrodes 
and heated in a vacuum, A tain filma of 510) was uniformly evapo- 
rated on several layers of lormvar, Targets of various thicknesses 
were made in order to obtain a good compromise between resvulution 
and counting rate. 

The measured thickness of each target and the symbols used 
for data obtained frea them on Figure 3 are tabulated below, The 
thickness shown is obtained by measuring the peak width at one-half 


the maximum peak height, for the peaks on the nuclear track plates. 
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From the known disporsicr. (71) and the quantities measured on the 
particular peak, the thickness in kev was easily determined, 


TABLI 
Target Thickness (kev) ymbol on F e3. 
S109 Mo. 1 2h + + 9a 
a 12 x 
npn 15 ov & 
“- 13 


© (90° cross section 
only. ) 
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ILI, THE COUNTER SYSTEM AND ITS CHAMACTURISTICS 


As used in this experiment, the counter eystem Included: 
1. The broederange magnetic spectrograph, 
2. The counter frame, which consists of 
(a) A 199 NCA multiplier phototube operated at 
~500 volts with mu-metal shield, 
(b) A polished CsI(Tl) crystal 10 x 10 x 0.8 
millimeters glued to the 6199 tube with araldite,. 
(e) A lead shield. 
3. A pules amplifier and preamplifier, Model 100 (23). 
lh. ‘Two pulse counters, seale of 6 with built-in dis- 
criminators, Model 201 (£3). 
5. A cathodeeray gynehroscope, 
6. Regulated DC (negative) power supply, ~li50 te -2000 
volts (photomltiolier bias). 


7. ‘Target chamber current integrater (£2) with Faraday 


The magnetic spectrograph permite momentum selection of any 
desired reaction particle greup at the fixed radius of the counter, 
The spectrograph is "tuned" for a particular Gp by a micleer mag- 
netic resonance flucieter. The spectrograph radius calibration is 
such that Bo is proportional to the ia or proton Larmor frequency 
in the flwoneters, Later, the frequency, or Bp, width of the ccun- 
ter orystal aperture will be discussed, 
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In practice, depending upon the target and beam constituents, 
it is possible to have simultaneously alpha-narticle, proton, and 
deuteron groups of the same Bp insident on the counter crystal, Thus, 
further methods of disorimination are necessary, However, the momen- 
tum selection of the spectrograph consicerably simelifies perticle 
identifieation and makes precision pulse height discrimination equip- 
ment urmecessary, 

By using a suitable target, it is only necessary to be able 
to sevarate alpha~partiole, proton, and deuteron groups of equal Bo 
and know or eliminate backeround, such as gamma pulses cr randon 
mailtiplier phototube "noise." 

The counter freme, constructed for this axveriment serves as 
a Support for the lead shield of 3-em average thickness and about 3x 
geometry relative to the cesium-iodide crystal, efore the lead 
shield was used, ganma background was a source of error in counting 
diffieult to determine, because it depends on total beam current 
rather than integrated current through the target. With the lead 
shield, dense gemma pulse height was less than 30 pereent of deuteron 
pulse height at the lowest beam enersy used. 

The characteristics of the cosiwe-iodide crystal (as mounted 
on the 6199 TCA mltiplier photetube) are shown in Figure 1, Thes 
deta were obtained by bembarding a thick (1 mma) gold target with 
alpha particles, protons, and deuterons, This thick target gave a 
contimous range of particle momenta from about zero to a maximum 
value determined by the input energy. By varying the spectrograph 
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field, ciffarent momenta particles are allowed to hit the seintilla- 
tion crystal, The resulting milses are chserved in the cathode-ray 
synehreoscope, ax! their height was measured by the seale on the 
eathode-ray tube fase for each input Be. 

Since the crystel aperture ir finite (8 mm), the pulses are 

% truly monoenergetic, but this effect ir small compared with the 

uncertainty of measured pulse heights, By counting the mumber of 
pulses per micrecouland of incident beam vermis Bp, the edge of the 
thick gold target particle distribution was determined, and from this 
Bp, che mean trajectory redius for the counter aperture was deter- 
riined. 

At the locaticn of the sounter {in the svectrograph, the dis- 


persion (71) 4s 


=" 0,861 —“", where (Bq. 1) 


éx refern to distance along the mclear track plates usually used 
da the spectrograph, 
The counter crystal is approximately perperiieuler to the 
perticles' trajectory; hence, 
da(crystal) = _%%_, (Bq. 2) 
2,228 


where 2.228 ig the magnification caused by plate inelination (2) 


- ra = 1.92 ae (iG. 3) 
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Equivalent expressions are, for the counter (de « 6 ma): 


dk kev + 
| ne (Nae b) 
A(Bo) . = - = ; 
pe) 0.0377 i ’ (qe 5) 


where f/f refers to the frequency of the nuclesr magnetic resonance 
flweeter of the snectrograph, 

The finite width of the counter aperture is necessary to in- 
mire that all the carticles cf the croup being counted fall on the 
orystal, This was frequently checked by holding a constant input 
beam energy on the target and varying the svectrogranh field to 
sweep the group across the crystal; a typical result is shown on 
Figure 2, The difference between the calculated and measured crystal 
width in unitsof Be is caused by (1) finite target thickness, and 
(2) beam inhomogeneity, which is a fraction of one-nelf or less than 
target thickness, 

From the above, two additional methods of discrimination are 
available: 

1, Fulse heicht discrimination between deuterons and 
other particles, 
2. The shane of the momentum distribution, 

Method (1) 1s by far more sensitive, but is difficult when 
anplied to separate deuterons and alpha particles, because of the 
small difference in pulse height, as seen in Firwre 1, However, from 
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miclear trask plate date, the alpha yielded, coincident with the 
046(4,a)01° elastic croup, ie less than 0.5 vereent fer the targets 
used, Ficure 2 shows a typical momentwn distribution for a single 
group of particles incident on the crystal. 

In practice, data were taken by adjusting the spectropraph 
field to center the clastic deutercn group on the crystal and then 
setting the discriminators on the two pulse counters, such that 
counter No, 1 read deuteron and proton counts, but no ganma count, 
anc scunter No, 2 read only vroton counte, 

The discriminators were set by observing vulse height on the 
synchroscone after a proper cholee of amnlifier gain, The discrimi- 
nator of counter No, 1 was modified tc trigger the synchroscope only 
when pulses are counted, thus faciliteting making diecriminator 
eettines, With srover discrininstor settings, reéidual gamma back- 
ground was less than 0.5 percent ani was therefore neglected, 

The Feraday cage used consists of an inner and outer cup, the 
outer cup being biased at -300 volts to renress seecndary electrons, 

The current to the outer cup was monitored and found to be 
directly croportional (1 vereent) to the indicated beam current 
over ea Wide range of beam currents, The indicated microcoulomb 
exposure was therefore not absolute, but for all data taken is 
eonsistent to the accuracy cf the electronic current integrator, 


which is 0.l: vercent (22). 
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Counting losses ere considered negligible, since the mecimum 
average counting rate never exceeded 20 counts rer second with a 


pulse width of 2 microseconds. 
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iV, REDUCTION OF DATA 


SUMMARY OF DATA 
The data consisted of the ioliowing; 

le ine overlapping sets of counter yield data, 
counts /microcoulomd versus (Bp) of the deuteron beam at 130 de- 
grees in the laboratory system, 

2. Nuclear track plate No. 1338 with nine deuteron 
peaks at various (Bo)'s in the laboratory system, using target 
S109 No. 1. The angle of observation was 150 degrees. 

3. One set cf counter yield data, counts/micro- 
coulomb versus (fo) at S0edegree angle of cbservaticn in the 
laboratory system, 

4. Nuclear track plate data used to determine ab- 
solute cross sections, These data are shown in Table IIT, Tue 
peaks on the muciear track plates used to uctermine cress sections 
Were all pleced at the same distance on the mclear track plates 
to eliminate variation of sclid angle, since laboratory solid 


angie is a funetion of spectrograph radius. 


FLDUCTION OF YIELD DATA 

The data in items Nos, 1 ani @ above were taxen at different 
times and, thus, had to ve normalized to each other, since it was 
not always possible to duplicate target placement in the scattering 


chamber, 
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One set of yicld data, using target F, covered the entire 
range of (Bo) without moving the target, although it was necessary 
to leave gaps in the yisid data to cover thie range in one run, 
This run was taken as the basis for normalising the remaining data 
at 150 degrees. 

Normalization to the above was eceomplisched by an integra- 
tion process, after first reducing cach run to a common micro« 
ccul@mb exposure. All the podnts in common with the normalising 
ran were suuaed am then divided inte the corresponding sum of tre 
normaliging ruiz, Tuis ratio is th normalising constant, ach 


point of the run was then mltiplied by the normalizing factor and 


for the average laboratory system cruse-section curve, Fig-e 
ure k (Appendix 1), all points et e given input (Bp) have been 


averaged and the standard deviation computed by: 


a VL, (4 = #)? 


ned (Eq. 1) 
except when ne 1; then: 
o = (yield) x (nommlising factor), (Bg. 2) 
and when n= 2: 
cs ~). (Eq. 3) 


for most points, n 3. 
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Tae counter yield data at =)5),, = JO unygrees was obtained in 
one run at 50 microcoulomb exposure per point; heme, no self- 
normalization was necessary, It is, however, hecessary to normalize 
the 90-derree leboratery system data to the 130<degree laboratcry 
system data, This was accomplished by the data cf plate Mo. 1502. 


From this plate, the ratio of laboratory cross wection is: 
3 


§ pap Pebhd Mev, 99°) ho2 + 20.5 
E ian (Fly Mev, 130°) 1906 + L2, 


« 0,211 + 5 -ervent, 
(Bq. i) 
Thie ratio ean be cheexed by counter data as follows, where 
Table III is compored of data from counter runs at the angles and 


energies shown, 


TRELE 3 LIT 

Angle Deuteron 
of Target Yield LADGEUTS Le 
oo iat wel Ufo Ce... (Kew) 
130° e ero 653 26 5.Lh9 
50° C “ise 43h 50 Salik9 

The factor tc correct yield of target C from <5 to 25 de« 
grees is: 
gos (#45°) P 
aT 0.7512. ia. 
cos (250) (fq. 5) 


The $O-degree yield correeted for target rotetion = 346 


counts, Then, 
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§ Leb (Seluk9 Mev, 90°) | (340+ 16.2) 20 pe 
© yap (Selo Mev, 130) (653 + 2545) 50 ne 


= 0.2008 + 6.7 percent. 


(Eq. 6) 
An average of these independent determinations gives: 


© sap (Selh9 Mev, 90°) 


0.210 + 4 percent, (Bq. 7) 
§ Lab (delsh9 Mev, 130°) 


It is also desirable to know this ratio in the center-of-mass 


system, which follows from: 


J daw 
Fen Pay ped ehh, 6, 2" 90°) 5 € lab 90° ; Ale Bh 


2 = - “ar « 
3 needy a» 5elh9, @, = 130°) é lab 130° = 
(6, 210) ($2 55) = 0,178 + h percent (Bq. 8) 


where dw, the solid angle in the laboratory syatem, is constant, 


ChOSS@SECTION DETERMINATION 

The absolute cross section was determined at two points on 
the 130-degree laboratory system yield curve by comoaring the 
o6(a,4) yield with the o'6(p,5) yield, for which the absolute 


eross section is kmewn (£1). 
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The date from Fooling (£1) that was used is summarized in 


Table IV: 
TABLE IV 
016(p, p)ot6 Cress Sections 
Sent ips Op) § lab 

Millie Mile 
"Pied varns/ r ‘ barns/ 
in Mev “veradian OM lab oteradian 
2.999 95.0% 125.30° 122.25° 88.9 
2.999 93. 0H 13h hd)? 131.71° 85.3 


*e 1 percent 


The following relation was used to determine the center-9f- 


mass cross section of the 0-(d,a)ol® data in millibarns/steradian: 


Nd 2u(Hot) 42 cyl) 
(E *) = % e ep . 


where Ny is the yield of deuterons for wg integrated current through 
the target. 

The factor (2:q15") arises, since a molecular hydrogen bean 
was used to get &@ proton energy in the range of Eppling's data, 


“Hig” » the integrated beam current, is subject to error from 


deuteron contamination of the beam, This hae been measured by 
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ebserving the yield of o-°(d,a) at the enorgy of the Hp beam 
(muclear track plate No. 1199); and, by commutation, a figure of 9 
percent contamination has been found (Appendix II). 

This figure is at one hour after turnin: off the deuterius 
flow in the generator source, Since this contamination can be ex- 
pected to annroach sero after a sufficient length of time has 
elapsed, we have assumed: 


Qu,* = 2° (1 = 0,045) + 5 pereent, (Bq. 10) 
He (netual) “2 (measured) 


when yields et different angles are to be determined, it is 
necessary to bring the scattering chamber pressure tc atmospheric 
in order to rotate the spectrograph, It has been noted that this 
increases the oxygen content of the target by about 10 percent, 
Henee, a relative yield determination must be a mean of several 
determination s, A method of avoiding this that has been used 
consists ef assuming Evpling's data for 131,71 degrees in the 
laboratcry system ils equivalent to 130 degrees laboratory system, 
and this aseumption has been used in obtaining the yield comari- 
sons on miclear treok plates Nos, 1499 and 1500, The miclear 
track olate Mo. 1501, however, was exnosed at 122,25 degrees, lab- 
oratory angle, for the proton yield data to check the above assump- 
tion, and no significant difference was noted, except the effect 


of increasing oxygen in the target noted above, This averages out 
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to the first order, becauss tho following oxnosure secuence was 


used for plate No. 1501: 


below in Table Y: 


Fay eb 
in Key 


6.203 
6.203 
6.203 
6.203 
5 luo 


i. 
2. 
36 
h. 
Se 


Zone 30, 046(d,a) at 130 cogrees 


Open target chamber, 


fone 0, 019 (p,) at 122.25 degrees 


Open target chamber 


Zone SQ, 04,4) at 150 degrees. 


130° 
130? 


degree angle cf observation is: 


The results of the cross-section determination are shown 


Plate and 
Zone Number 


1:99 
1500 
1501, Zone 50 
1501, Zone 30 
1500 


The average center-ci-mass croes section at 6,203 Mev and 130~ 


§ x(a, « 6.203, @ar, * 130°) = 14,1 millibarns/steradian, 
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Using this value and the relative yield for Eg = 5.4k9 Mev, 


we get 
$ cyl Selihs Hey) a 57.6 millibarns/steradian 


which is in good agreement with 59.35 millibarns/steradian in 
Table V,. 

Assuming @ Poisson distribution in counting and knowing the 
uncertainty in the integrated H.* beam, we assign a stamdlard devia- 
tion of + 0.7 millibarns/steradian to the above value of 1,1 
miliibarns/steradian, 

The yield of deuterons at 6),, = 130 degrees, Eg = 6.203 
averaged over four runs is 25 + 4 counts for target F with 20 
microcoulomb expesure, Hence, this is equivalent to 14,1 + 0.7 
millibarns per steradians or the seale in the yield curves in the 


center-of-mass system is: 
174.0 counts © 10 millibarns/steradian + 5 vercent, 
and in the laboratory system is; 
207 counts * 10 millibarns/steradian + § percent, 
ENERGY DETERMINATION 
The magnetic «rectrograph has been calibrated relative to 
polonium @ipha particles, The calibration of the deflecting magnet 


has been determined relative to the magnetic svectrcgraph, and a 
radius of 60.51 om was assigned, 
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The onergy determination in this experiment denends on the 
calibration of the deflecting magnet, since the finite counter aper- 
ture preoludes using the svectrorrarph to measure energies. Fxperi- 
ence with the deflecting magnet indicates the vrecision of the de- 
flecting magnet is G1 percent, 

The .-valuesof three excited levels of si? by a 5429/4, pysa2? 
reaction heave been measured, The values were computed, using the 
beam energy as determined by the deflecting magnet, The values that 
were determined at B, = 6,203 Mev agree within 5 kev with reported 
values, which had an uncertainty of + 6 kev, and indicates that the 
deflecting magnet calibration has not changed, Therefore, we adopt 
6 kev/6,.2 Mov, which is about 0.1 percent as the precision of beam 
energy determinetion, 

Examination of the center-of-mass cross-section curve shows 
that the veeka of resonances observed are displaced as mch as 0.92 
kilogauss-centimeters, which at 450 kilogauss-centimeters 12 20 kev, 
ami at 556 ktlogauss-centimeters is 2° kev. This effect can be at- 
tributed primarily to differenees in thickness of the variour tar- 
gets used and deflecting magnet hysteresis, The thick targets tend 
to avorase aver repid variations in ylelcd. Therefore, the cross- 
section curves are drawn to conform to thin target points, ami we 
adopt + 10 kev as the stamard deviation of resonance energies ob- 


served, 
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SUMMARY OF DATA EIDUCTION AND GPROM DoT. LkaslORs 
The absolute cross sections of the 130<degree yield curves 


are given bys 


17k counts ® 10 milliberns/steradian + 5 percent in center-of-mass 


syoten; 


207 counts = 10 millibarns/steradian + 5 percent in the laboratory 
system, 


The ratio of the 90edegree yield curve to the 15G«dezree 
eurve is 0.210 + |; psraent in the center-of-mass system and 0.178 


+ & pereent in the laboratory system, 


The 130< and 90-degree curves are self-consistent to the ex- 


perimental errors disnleyed on the graphs, 


For amall stcmsise changes in beam energy, as used in this 
experinent, energy differemes are kncwn to less than 0,1 percent, 


The absolute error is about 0.15 pereent, 


In resomance energy determizations, we have adented a atand- 


ard deviation of + 16 kev for the range of excitation studied, 
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Ve MESULTS AND CONCLUSIONS 

The absolute cross section for the resection os, a)ot® at 
130-deyree angle of observation has been determined cver the range 
of deuteron bombarding enercgiee from 1.590 to 7,196 Mev, or 11,603- 
to 13,917-Mev exeiteaticn an the commound nucleus pls | and at 90edegres 
angle of observation from Ty « 5.Lh9 to 6.315 Mev, 

The crcoss-saction curves, Figures 3 and h, display eight 
waxime, which are tabwiated in Table YI, These peaks are super- 
jiaposed om a beciercum! that has the enpearance of a broad resonance 
peaked at Eg = 5.5 Mev with an estimated width of 730 kev. The fact 
that structure is observed in the yicle curve ie indicative of com 
powsl micleus effects, At fg = 5.191 Mev, a #harp increase in yield 
was observed, while using a target of 1l2-kev thickness, and must be 
regarded as an unexplained ccunting anomaly, Since this in the only 
"anomaly" observed, the cross sections are considered tc show a1) 
resonance phendmena in this region of sxcitation ef pee vith & resc- 
dution of 20 kev, Secause points were taken about 2Oekev apart, the 
net recolution is considered to be LO kev. 

If a bread resonance existe at ebout %y = 5.5 Mev, we can 
estimate the widths of the peaks superismosed on this resonance by 
drawing an averacs curve along the bare cf the peaks, as shown in 
Figure 6, Br thia process, peak widths have been ertimated for 


eech of the eight maxima observed, These are shown in Table VI, 
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TABLE VI 


Observed Maxima in 016(4,4)ol6 cross Sections 


130° Laboratory Angle 


(Bp) 


kg~om, 


115.80 
460.93 
48h 656 
491.15 
504.49 
517.29 
523095 
530.6k 


Ea 
Mev 
+ 10 kev 


L756 
5.08 
5 G17 
5772. 
6.088 
6,L01 
6.566 
6.735 


“+20 kev 


Exei~ 
tation 


in p28 
Mev 


11.751 
12.042 
12.516 
12.653 
12.934 
13.212 
13.359 
13.509 


(ist) 
kov 


90° Laboratory Angle 


(Bp) Kev 
kgeom, + 10 kev 


seit 


492.68 5,788 


bing 


“not apparent 


Mew 


12,665 


30 
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A broad resonance, ag suggested by an average curve (Fig- 
ure 6), is similar to the broad resonances in neutron cross sections 
calculated by Feshbach, Yorter, and Weisskopf for the "Cloudy Crys- 
tal Ball Model," 

Alternatively, the “background” may be the result of a dense 
level structure in the compound micleus, such that the observed 
effect is a random combination of different angular diectributions 
where certain levels have been emphasized by this reaction, Fer 
this interpretation, the data are insufficient te varify single 
levels or to assign level widths or spacings, 

The shape of the yield curve at 90=(egree angle of observa- 
tion also suggests a broad level, peaked at by = 5.7 Mev with an 
estimated width ["= Lh0 kev. The peak number l, also appears on 
this background, ami its estimated width agrees at tne two angles 
of observation. 

Further data at other angles cf observation end for compet- 
ing reastions in this range of excitation would be desirable to 
verify the resonance structure observed, This is particularly 
important in the region of peak number 1 where the shape of the 
eress section suggests interference phenomena for a single level, 
in partioular, angular distribution data or, equivalently, the 
integrated cross section would resolve the question of dense versus 
resolvable level structure and permit definite energy-level assign- 


ments, 
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The marked decrease in cross section at 9O\edegree angle of 
observation (97.28°) ecnter-of—mass system surgeste that the cross 
section may be symuctric about 90 degrees, center of mags; however, 
aa noted above, further work is necessary to verify this. 

The data of Browne for the (d,c) reaction (33)(B4) in Figure 
5 show @ pronounced asymactric maximum peaked at Ey = 6,370 Mev, or 
13.182-Mev exciteiicn, which is within 36 xey of peak mumber 6 of 
the (c,d) deta, These peeks may represent the same level in 75, 
Tue 30ekev separation may be due to the difference in angles of 
observation; 350 degrees for the (d,q) reactions and 130 degrees 
for the (d,d) scattering. if the (d,a) data were integrated over 
tne three alpheeparticle greupe observed, this peak would shift in 
the prover direction to lower the 30-kev differance, 

If this resonance in the (d,a) data and the present wark is 
actually an isolated level in F/°, then it is probably a T = 0 
level, 

In passing, one other relation between the 6a ayylt and 
the 015(4,4)01® reactions should be noted, At fy = 6.222 Mev, the 
minimum of the o®a,a)o% yield corresponds te a broad maximum in 
the alpha yield to the first excited state in yl (which is a T #1 
state (Al)) and an irregularity in the broad maximwn of the alpha 
yield going to the ground state of yl (which is a T = 6 state (Al)). 
However, because of different angles of observation and unknown en- 


guler depensence of the cross section at this energy, it is not pos- 
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sible to draw any definite conclusions about level structure at this 
energy. 

The results of this investiration clearly indicate the need 
for further work at both Lower bombardment energies end at other 
angles of observation, If sufficient angular distribution data 
wore taken in the presently investigated range of excitation, the 
integrated cross section for ola, ajot6 might reveal single levels 
that could thon be compared with the 016( 6,0) gli reaction excite 
tion functions, which should also be integrated cver all angles of 
observation, At lower excitation energice, the wrk of Heydenburg 
and Inglis (H1) anc Stratton et al (51) is available on the excita- 
tion function Ha not? where the grouni-stete protons in the 
above reaction show compound mucleus effects (Al), Further work 
at lower excitation energies in ple whers levels could be expected 
to be isolated would probably be the more desirable alternative and 
facilitate isebaric spin assignments to the levels, 

Figure 7 is drawn with the (d,a) end (d,d) results super- 
phe, 


imposed for the overlapping regions of excitation in The 


resonance structure is seen to show definite correlation, 
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633.03 
437 5: 
5) aa 
“sora, 
lus 957 
uh). 0592 
tue 9506 
143021 
lls. 335 
ish 29 
446.163 
47.075 
bis’? .992 
L156. 906 
bh .620 
450.735 
451,649 
b52.563 
4530475 
151,392 
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APPENDIA 2 


155.306 
456.220 
457.135 
458,09 
458.15 
158.963 
459.877 
460.792 
1,61, 706 
462,620 
463.535 
L6b.4L9 
465.363 
466.277 
467.192 
468.106 
469.020 
469.93 
170.849 
471.763 
472.677 
473.591 
47.506 
L75.l20 
476.334 
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5000.00 


599 + 43 
633 + 30 
Gz + 26 
677 + 9 
72h, + 27 
778 + 33 
B76 + 37 
908 + 2h 
687 + hs 
G49 + 18 
1007 + 18 
1019 + 33 
1009 + 33 
L015 + 17 
102 + 26 
993 + 26 
1025 + 37 
1033 + ho 
1023 + 22 
10cl + 6 
998 + Us 
1001 + Li 
1031 + 21 
1020 + 2h 
ol + L3 


477.2h8 
478.163 
479.077 
479.099 
479.463 
479.991 
1,80.906 
1.81 ,.820 
182.734 
483.68 
184,563 
485.77 
486.391 
487.306 
188.220 
489.13h 
490.018 
190,963 
191.877 
492.791 
493.705 
49,620 
495.93) 
496.L48 
497.362 


5500.00 


1002 + iL 
1000 + 11 
1020 + 12 
1237 + 35 


1092 + 27 
1136 + 20 
116k + 2h 
1211 + 21 
1252 + 16 
1239 + 15 
1239 + 25 
1208 + 17 
1163 + 27 
1097 + 36 
106, + 12 
960 + 21 
989 + 28 
951 + 33 
926 + 30 
920 + 21 
810 + 20 
Ts BS 
713 + 29 
637 + 20 


498.277 
499.191 
500.105 
500,816 
501.020 
501. 93k 
502.68 
503.762 
504.677 
505.591 
506.139 
506, 505 
507.h19 
508 33h 
509. 2h6 
509 614 
510.162 
511.677 
511.591 
512.905 
513.819 


51.73) 


6000.00 


579 + 10 
520 + 10 
540 + 295 


501 + 2 
41 + h0 
463 + 9 
L75 + 16 
k7S + 16 
W6l + 17 
h29 + 16 
430 + 16 
338 + 22 
293+ 9 
aus + 
229 + 9 
235 + 12 
263 + 12 
281+ 6 
302 + 13 
S47 * 3k 
L22 + 20 
L253 5 
521 + 23 


515-548 


516,562 


517475 


518,391 


519.305 


520,219 
521.13h 
521.301 
522.08 
522.962 
523.976 
52.791 


525.705 
526.619 
527.533 
$28 lB 
529.362 
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6500.00 


7h + 27 
605 + 25 
588 + 23 
Gil + 20 
632 + 25 
581+ 
G40 + 25 
SO + 23 
Su? + 23 
509 + 5 
Leg + L6 
481 + 23 
L87 + 13 


Sul + 13 
567 + 7 
569 + 26 
567 + 18 
527 + 23 
525 + 25 
5u0 + 12 
5339 + 9 
5B + 40 
B19 + 20 
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530s276 
531.19 

532,105 
5330019 
DOaeooS 
SAS 
5%. 168 
536.676 
537.590 
533.505 
539.419 
540,333 


543.076 
543.990 
Slide POS 
545.819 
5h. 733 
57.647 


548,562 


= Ste 


7000.00 


496 + 13 
163 + 18 
“Bk + 18 
L37 + 18 
Lge + 18 
£92 + 18 


Note: 174 counts = 1 millivarn/steradian in the center-of-nasa 
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NORMALIZED AVERAGE COUNTER DATA AT 90° SPHCTHOURAPE ANGLE 


(Bp) 


Kliorausse 
Centimeters 


L77.2h8 
178.163 
L79.077 
L79.99% 
180.906 
L81.820 
1482.73) 
483.648 
164.563 
485.477 
486.391 
187, 306 
486.220 
489,13h 
L:90.0h8 
490,963 
491.877 
192.791 
493.705 
U9): 620 


E(in) kev 
59.39 


Average 


139 + 27 
738 + 27 
199 + 26 
$35 + 29 
879 + 30 
878 + 30 
§32 + 29 
856 + 29 
PLP + 30 
938 + 31 
S77 + 30 
733 + 28 
752 + 27 


495.534 65h + 26 
196.418 663 + 26 
497.362 592 + 2h 
498.277 57k + 2h 
499,191 SUB + 23 
500.105 520 + 23 
501.020 528 + 23 
501.934 555 + 2h 
502.848 565 + 2h 
503.762 L69 + 22 
50i.677 481 + 22 
505.598 523 + 23 
506.505 437 + 22 
507.419 380 + 19 
503.33h 417 + 20 
509.218 339 + 13 
510.162 312 + 18 
511.077 257 + 16 
511.991 gh + Us 
512.905 160 + 13 
513.819 151 + 12 


Note: These counts must be adjusted such that at (Bp) = 477.25, the 
ratio of yields is 0,172 = Yield (90°)/Yield (130°) fer proper center- 
ofsnass ratics and 0,210 for the proper labcratory system ratic, In 


the center-cf-mass system, 171; counts « 1 millibarn/steradian, 
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APPENDIN IL 
COMPUTATION OF DEUTANOM GONTAMINATIO:! TW MOLBCUL, P PYDP OER SAK 
(Fron data of miclear track plate No. 1195.) 


Ageume 130° Leb es 132.71° lab for Cl6(p.5) cross sentaon. 
Ny 2uyn* 


1080 (2a +) 


5855 100 


LO ue = Qn,” +  » where y. is the deuteron contamina- 


ticn of the miclecular kydroren bean, 


The yield of deuterons from ccontasination of the lip” beam 1s 


(58 0 ue, =» 77.3 for LO pe. 


pitt 


i Oy OO rs Or 
§ ran 4 (64005 Nev, 130 ) ahs & rabg (+203 Rev, 130°), 


where — = 2.0325 is the ratic of (deutercn) yields at the 


two energies invelved, 


9B 


j “a ; $ (26999 Bev, 132.719), te 
"Biot Mp (24999 Mev, 130° yg de 
wa, 2(773) | (85.3) 
‘Hy (5855) (2.0325) (0.3104) iin” 
Therefore, 


Qg * 3.52 micrecculomh contamination in LO microcoulombs of 
Molecular hydrogen beam one hour after smtting off deuterium 


beam, or 


100 2052 == 9 vercent,. 
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FIG. 5 
GROSS SECTION FOR ELASTIC 


DEUTERONS FROM O!© AT 
135.54° AND 97.24° 
(Center of Mass) 


oavx Thin Target Points ~ l4kev (~ ) 
#+0 Thick Target Points ~24kev (—) 


oO Nuclear Track Plate *1388 
Thick Target 


@ Nuclear Track Plate #1500 
Thin Target 


(Deuteron energy and (Bp) in laboratory 


6500 (Q00 
220 930 940 950 


80 


oO) 
© 


. 


Millibarns / Steradian 


NO 
O 


4500 kev 
440 


90° 


130° 


450 


poinend” Noe 


RUTHERFORD 


470 


90° LAB 


2000, 6000 


480 490 900 
(BY) Kilogauss centimeters 


CROSS SECTION FOR ELASTIC 


FIG. 4 


DEUTERONS FROM O'© 


(Laboratory) 


930 


(ajBury Avojosoqn7) ,O¢ 
JAYND AISIA 
biN (PP) 90 


(aap) Absaug uouaynag 
G9 


6 
HOIS PaloxXA jsal4 


ajDIS pay9xZ puorws _, 
* Pe 
PF os 
a 


O09 


Sasd40g OYdIy JO PlaiA 


CANNOYDMIVG 


JONYNOS SY GVONS 


ONILWHLSNTII G1SIA 40 (PP..O 
2 Ne 


— YS — 


FIG. 7 
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